Background. Constraint-induced movement therapy (CIMT) is a method of physical rehabilitation that has demonstrated clinical efficacy in patients with chronic stroke, cerebral palsy, and multiple sclerosis (MS). Objective. This pilot randomized controlled trial tested whether CIMT can also induce increases in white matter integrity in patients with MS. Methods. Twenty adults with chronic hemiparetic MS were randomized to receive either CIMT or complementary and alternative medicine (CAM) treatment (reported in the first article of this pair). Structural white matter change was assessed by tractbased spatial statistics (TBSS); measures included fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). Results. CIMT and CAM groups did not differ in pretreatment disability or expectancy to benefit. As noted in the companion paper, the motor activity log (MAL) improved more after CIMT than CAM (P < .001); the within-group effect size for CIMT was 3.7 (large d′ = 0.57), while for CAM it was just 0.7. Improvements in white matter integrity followed CIMT and were observed in the contralateral corpus callosum (FA, P < .05), ipsilateral superior occipital gyrus (AD, P < .05), ipsilateral superior temporal gyrus (FA, P < .05), and contralateral corticospinal tract (MD and RD, P < .05). Conclusion. CIMT produced a very large improvement in real-world limb use and induced white matter changes in patients with hemiparetic MS when compared with CAM. The findings suggest in preliminary fashion that the adverse changes in white matter integrity induced by MS might be reversed by CIMT.
Introduction
Multiple sclerosis (MS) is an autoimmune disease of the central nervous system. Among many clinical consequences, MS may manifest as a disabling hemiparesis. 1 White matter integrity of the central nervous system is reduced progressively in patients with MS. [2] [3] [4] [5] The motor disability correlates with the white matter tract injury as indexed by markers of white matter tract integrity including fractional anisotropy. 6 Multiple studies have shown that some physical rehabilitation procedures can have a positive effect on impaired motor function in patients with MS, though the treatment effects are usually not large and their retention over time and transfer to spontaneous movement in real-world situations has rarely been tested. 7, 8 Several different rehabilitation procedures have also been found to preserve or increase white matter integrity. Temporarily improved white matter structure and postural control has been shown to follow balance training for persons with MS. 9 Two months of limb stretching combined with resistance training in moderately impaired persons has been associated with significant corpus callosum structural improvement and nonsignificant improvement on the Expanded Disability Status Scale. 10 Task-oriented training has been shown to be followed by preserved white matter structure and improved finger tapping, in comparison with passive arm mobilization, which instead was followed by deterioration of both white matter structure and finger tapping over the same interval. 11 Constraint-induced movement therapy (CIMT) is a behavior-based neurorehabilitation derived from basic research with monkeys by Taub and colleagues 12 that has been shown to produce large, clinically significant improvements in motor function following different types of central nervous system injuries, including stroke, 13 -15 traumatic brain injury, 16 cerebral palsy, 17, 18 focal hand dystonia in musicians, 19 and poststroke nonfluent aphasia. 20, 21 CIMT has been found to be particularly effective in improving the spontaneous real-world use of a more-affected extremity. 22, 23 It is thought that the treatment effect of CIMT involves 2 primary mechanisms: (1) a behavioral mechanism that involves overcoming learned nonuse 12, 22 and (2) a neurological mechanism involving facilitating neuroplastic change 24 (eg, changes in gray matter structure in both adults with chronic stroke 25 and children with cerebral palsy 26 ). Of importance, CIMT is a promising treatment for improving arm function in individuals with hemiparesis due to MS. 27 Other physical rehabilitation treatments have been employed with MS and have been reported to improve within-laboratory motor capabilities, but little attention has been paid to real-world function and community participation, which is commonly considered to be the critical objective of physical rehabilitation.
The aim of this study was to determine whether CIMT improves white matter integrity in patients with MS. We compared whole-brain white matter fractional anisotropy of patients with chronic MS, along with 3 other indices of white matter health, in a pilot randomized controlled trial of CIMT versus a program of complementary and alternative medicine (CAM) interventions that are highly desired by patients. We hypothesized that improvements in spontaneous real-world use of the more-affected upper extremity produced by CIMT (Part 1) would be paralleled by improvements in white matter integrity.
Methods
For additional details to those given below on patients, CIMT, and clinical outcome measures, refer to Part 1.
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Patients
Twenty adult participants with MS and mild-moderate upper extremity hemiparesis were randomized to receive either CIMT (n = 10) or a set of CAM treatments (n = 10). Written informed consent was obtained from each participant, and the institutional review board at the University of Alabama at Birmingham approved the study procedures.
Inclusion criteria were (1) mild/moderate upper extremity hemiparesis, defined as the ability to lift the moreaffected arm from a table to at least shoulder height, extend the digits and wrist at least 10°, and grasp and release a small object (eg, a hand towel); (2) upper extremity deficit resulting entirely from MS as diagnosed by the primary physician and confirmed by the project neurologist (VM); (3) no relapses for at least the past 3 months; (4) Motor Activity Log (see below) score less than 3/5, demonstrating significantly reduced use of the more-affected arm in the real-life situation; (5) Mini Mental State Exam score ≥23/30; and (6) ability to tolerate 3.5 hours per day of intensive physical therapy for 10 consecutive weekdays. Patients were excluded if they (1) had ferromagnetic metal in their body or any other factor that precluded MRI, (2) were participants in concurrent physical therapy/movement research, or (3) had been previously exposed to CIMT.
Interventions
Constraint-Induced Movement Therapy. Patients randomized to CIMT received its 4 major components of treatment 23 : (1) intensive training of the more-impaired arm administered in the laboratory for 3 h/d for 10 consecutive weekdays; (2) training by the behavioral technique termed shaping; (3) a "transfer package" of behavioral procedures to facilitate transfer of the motor improvement to everyday life situations (an additional 0.5 h/d); and (4) a heavily padded restraining mitt worn for a target of 90% of waking hours to reduce use of the less affected arm (see Taub et al 23 for further details).
Complementary and Alternative Medicine. The participants in the comparison group received a set of CAM treatments administered by a recreational therapist for the same duration that participants in the CIMT group received therapy (ie, 3.5 h/d for 10 consecutive weekdays). Patients were given relaxation exercises, aquatic therapy, massage, music therapy, and yoga. These specific techniques were chosen because they are commonly sought by adults with MS, 29 thus permitting control for expectancy to benefit.
Clinical Outcome Measures.
Patients were administered the Motor Activity Log and the Wolf Motor Function Test before and after the therapy course to assess treatment efficacy. For participants who were assigned to CIMT, the Motor Activity Log was also administered daily to aid therapists in tracking progress during treatment. The Motor Activity Log administered daily is a reliable and valid scripted, structured interview that measures spontaneous functional use of the more-affected arm outside the treatment setting. 13, 30 The Wolf Motor Function Test is a reliable and valid laboratory motor function test. [31] [32] [33] It measures the speed of movement by the more-impaired arm on 15 standard, simple movements or tasks made on request.
Magnetic Resonance Imaging
Anatomical Images. T1-weighted 3-dimensional whole brain anatomical images were acquired on a 3-tesla Siemens Magnetom magnetic resonance imaging (MRI) system using the magnetization prepared rapid acquisition gradient-echo (MPRAGE) sequence in the week prior to the start of treatment and again in the week after the end of treatment. Imaging parameters were as follows: field of view (FOV) = 240 × 240 mm, 176 sagittal partitions, slice thickness = 1 mm gapless, voxel size = 1.3 × 1.0 × 1.0 mm 3 , flip angle = 8°, repetition time (TR) = 2080 ms, echo time (TE) = 3.93 ms. The T1 scan was performed both at the start and at the end of each scan session and the best-quality image was used.
Diffusion Tensor Imaging. During the same pre-and posttreatment sessions in which the T1 scan was performed, wholebrain diffusion-weighted images were also acquired using single shot echo planar imaging with the following parameters: 38 slices 3 mm thick with a 1 mm gap between slices, TR = 5600 ms, TE = 96 ms, voxel size = 1.6 × 1.6 × 3.0 mm 3 , FOV = 210 × 210 mm, diffusion-weighted images in 32 distinct directions with b = 1250 s/mm 2 and one image with no diffusion weighting and b = 0 s/mm 2 .
MRI Data Preprocessing.
Investigators were blinded to group membership and pre-or post-treatment status. Images were first converted from Digital Imaging and Communications in Medicine (DICOM; http://medical.nema.org/) to the Neuroimaging Informatics Technology Initiative (NifTI-1; http:// nifti.nimh.nih.gov/) data format, which required using the dcm2niigui program in MRIcron. 34 Since the diffusion weighted images were acquired one gradient direction at a time, the resulting data were separated into 33 separate images (32 images with diffusion weighting and 1 image with no diffusion weighting). The 3-dimensional images were converted to a 4-dimensional image with the gradient direction as the fourth dimension. Next, skull tissue from the 4-dimensional image was removed using the 3DSkullStrip tool in the Analysis of Functional NeuroImages (AFNI) software package. 35 The anatomical images were also skullstripped using this method. Data alignment of the T1 and diffusion-tensor imaging scans was performed for each subject also using AFNI. Diffusion weighted images for both pre-and posttherapy sessions were motion-corrected and averaged for alignment with the T1 using the local Pearson correlation method. 36 Eddy current distortions were corrected via 3-dimensional affine registration to the first-acquired diffusion weighted image with no diffusion weighting; further polar decomposition was performed using Octave (www. octave.org) and gradient corrections along with head motion were corrected as previously described. 37 While fractional anisotropy measures the directionality of water movement, mean diffusivity, axial diffusivity, and radial diffusivity represent the average amount of water diffusion, parallel diffusivity, and perpendicular diffusivity, respectively. Myelin gain decreases mean diffusivity and radial diffusivity values, while compensatory mechanisms after white matter damage increase axial diffusivity values. 38 Fractional anisotropy and the diffusion magnitudes (eigenvalues λ ]/2). Whole brain diffusion tensor imaging data were further analyzed by employing a voxelwise approach using TractBased Spatial Statistics (TBSS, http://fsl.fmrib.ox.ac.uk/fsl/ fslwiki/TBSS) 39 within the FMRIB software library (FSL). 40 Before loading patient scans into the TBSS pipeline, hemispheres were flipped in MATLAB (http://www. mathworks.com/products/matlab/) so that the hemisphere ipsilateral to the trained arm was always on the same side of the brain. To carry out within-participant comparisons from pre-to posttreatment and between-group comparisons at pretreatment, a mean fractional anisotropy image from the sample of participants in the current study was created and thinned to make a mean fractional anisotropy skeleton. This skeletonized fractional anisotropy image represents the centers of all white matter tracts common to the group. However, before a skeletonized image could be represented, each fractional anisotropy image from each subject and each session (pre-and posttreatment) was aligned to every other fractional anisotropy image to identify a withingroups specific target image, which then underwent affine transformation into 1 mm 3 MNI152 standard space. Each participant's aligned fractional anisotropy data were projected onto the fractional anisotropy skeleton and the resulting data were analyzed using voxelwise statistics. Fractional anisotropy values at each voxel could then be calculated for each participant's pre-and posttreatment data. The fractional anisotropy transformations described above were applied to mean diffusivity, axial diffusivity, and radial diffusivity and projected onto the fractional anisotropy skeleton; paired t tests were then performed using the skeletonized medial diffusivity, axial diffusivity, and radial diffusivity maps.
Statistical Analyses
To compare voxelwise white matter changes from pre-to post-treatment across treatment conditions, we tested the within-group simple main effect of time-point using paired t tests within the full model (ie, the values for each index from the full sample). Because we hypothesized a positive treatment change based on prior data, all TBSS analyses were one-tailed, conducted at α = .05, and fully corrected for multiple comparisons across space. Structures were identified using the MNI atlas of human white matter. 41 Pearson correlations were used to quantify the correspondence between (1) changes in FA in regions in which significant pre-to posttreatment white matter changes were observed and (2) 
Results
Clinical
As noted in Part 1, treatment groups were similar in age, MS chronicity, and pretreatment motor ability, all t(18) < 1.66 and P > .1. There was a very large treatment effect in favor of CIMT on the Motor Activity Log, F(1,17) = 31.3, P < .001, covariate-adjusted between-group effect size = 1.6. The mean improvement on the Motor Activity Log after CIMT was 2.7 ± 0.7 points (within-group effect size = 3.7), whereas after CAM it was only 0.5 ± 0.8 points (withingroup effect size = 0.7). Mean improvement on the Wolf Motor Function Test was similar for participants in both groups-F(1, 17) = 0.25, nonsignificant: after CIMT it was 6.4 ± 5.4 repetitions per minute; after CAM it was 6.3 ± 7.5.
Imaging
We observed significant pre-to posttreatment white matter improvements for the CIMT group but not the CAM group. In the CIMT group, clusters of fractional anisotropy increases were observed in the posterior corpus callosum near the callosal-septal interface contralateral to the trained upper extremity (corrected P < .05), as well as the white matter of the superior occipital gyrus (P < .05) ipsilateral to the trained upper extremity (Figure 1 ). For the other diffusion indices (Figure 2 ), axial diffusivity increases were seen in the ipsilateral superior temporal gyrus (corrected P < .05), and mean diffusivity and radial diffusivity decreases were seen in the contralateral corticospinal tract (corrected P < .05). Because of the relatively small treatment groups, and the likelihood that there may be more subtle changes in neuronal plasticity, we lowered the family-wise threshold for a type I statistical error, ie, α, to 0.1 to examine additional regions showing group differences in white matter integrity. Additional clusters of fractional anisotropy increases were observed in the corticospinal tract contralateral to the trained upper extremity (corrected P < .1) and the superior temporal gyrus white matter ipsilateral to the trained upper extremity (corrected P < .1). There were also axial diffusivity increases in the corpus callosum (P < .1). No significant pre-to posttreatment changes were observed in the CAM group in any of the indices (data not shown).
Improvements in real-world arm use, as measured by the Motor Activity Log, were strongly correlated with increased white matter integrity in the corpus callosum (r = 0.61, P < .01) and occipital gyrus (r = 0.57, P < .01). For the corticospinal tract, the correlation was moderate but fell below the threshold for statistical significance by a small margin (r = 0.42, P = .07). For the superior temporal gyrus, the correlation was small and was not significant (r = 0.27, P = .24). A multivariate approach to the analysis yielded a parallel result. Changes in motor capacity of the more-affected arm, as measured by the Wolf Motor Function Test, were not correlated with changes in white matter integrity.
Discussion
In this study, we sought to determine whether CIMT improves white matter integrity in patients with MS. The present results indicate that CIMT produced changes in white matter characteristics in patients with MS in the corticospinal tract and in temporal, callosal, and visual areas. The CIMT group also showed very large improvement in real-world arm use of the more-affected extremity (Motor Activity Log scores) relative to the CAM group (described in the companion study, Part 1). This is consistent with previous demonstrations of the efficacy of CIMT in improving motor function after other types of central nervous system damage such as stroke, 13-15 traumatic brain injury, 16 and cerebral palsy. 17, 18 Similar white matter integrity changes, that is, increases in fractional anisotropy of the contralateral corticospinal tract, were observed after CIMT in 6 of 8 children with cerebral palsy. 42 Though this change was not statistically significant, power to detect changes was limited in that study by the small sample size, relatively weak magnet (ie, 1.5 tesla), and large lesion size; this was also the case for a small sample of stroke patients in the same article. 42 Diffusion tensor analyses have previously detected whole brain and tract-specific changes in the white matter integrity of individuals with MS due to disease progression that are not present in healthy controls. 5, 43, 44 Diffusion tensor imaging has also shown that lesion overlap with the corticospinal tract is related to poorer motor function in individuals with MS 45 and that the diffusion integrity of the corticospinal tract was compromised in patients with MS relative to controls. [46] [47] [48] The present study extends this line of investigation by suggesting that these adverse structural white matter changes can be reversed by CIMT.
The white matter changes observed here occurred within the two weeks that CI therapy was administered. While this is a relatively brief period, it is consistent with the time frame over which large neuroplastic changes were produced by somatosensory training in healthy new world monkeys by Merzenich and coworkers, 49 and by motor training by Nudo and coworkers 50 in new world monkeys given partial motor cortex ablations. The speed with which . Clusters with significant pre-to posttreatment increases in FA are thickened and shown in red/yellow (corrected P < .05) and blue (corrected P < .1). In the coronal and axial slices, right on the images corresponds to the side of the brain contralateral to the trained upper extremity. Significant clusters of FA increases were observed in the ipsilateral posterior corpus callosum (CC) and contralateral superior occipital gyrus white matter (O1). After lowering the statistical threshold after correction to P = .1, additional clusters of FA increases were observed in the ipsilateral corticospinal tract (CST) and contralateral superior temporal gyrus (STG) white matter. The green skeleton represents the center of white matter tracts common to all participants (ie, both CIMT and CAM groups) with FA ≥ 0.2; the skeleton is superimposed on the standard MNI152 T1-weighted anatomical image. Inlaid white text indicates MNI coordinates of the slice.
the neuroplastic change took place in the latter study 50 was probably facilitated by the fact that increased use of the more-affected upper extremity was not only confined to the 10 three-hour training sessions in the laboratory, but also included the increased use of that limb during waking hours in the real-world life situation produced by the consistent use of a restraining device on the less-affected arm.
The factors that governed the location and laterality of the white matter changes in our CIMT patients can only be speculated on at this time. The structural increase in the corticospinal tract contralateral to the trained arm is plausible in view of the concentrated practice that was required of that extremity.
A significant cluster of white matter integrity change was also observed in the contralateral posterior callosal-septal junction following CIMT. A previous study of 42 patients with MS found that 92% had focal lesions in the callosalseptal interface, thereby disrupting the fibers radiating to the overlying callosum. 51 Another MRI study found axon damage and demyelination in the corpus callosum of MS patients. 52 These findings suggest that this is an area that is susceptible to damage in MS, and hence this area might respond more vigorously to an appropriate therapeutic intervention. Consistent with this study, Ibrahim et al 10 found improvements in white matter integrity of the corpus callosum in 11 MS patients following facilitation physical therapy. Thus, it may be that the damaged brain distributes the burden of supporting the improved movement required by the therapy by recruiting the ipsilateral hemisphere, which is not typically importantly involved in producing those movements. A direct way of accomplishing this interhemispheric recruitment would be via the corpus callosum, which we observed to have white matter improvements pre-to post-CIMT (ie, increased fractional anisotropy and axial anisotropy). The same mechanism may account for the increase in white matter integrity in ipsilateral temporal cortex.
The white matter of the superior occipital gyrus was another site of significant fractional anisotropy increases in the CIMT group in this experiment. Ungerleider and Mishkin 53 first described the dorsal stream of visual processing connecting the V1 area to the parietal cortex. It has since been shown to mediate visually guided arm movements. 54, 55 Because arm movements are targeted for improvement in upper extremity CIMT and were under visual guidance in our patients, the increased fractional anisotropy underlying the occipital cortex in our CIMT patients may have reflected the greater reliance on visual attention in their therapeutic activities, compared with the relative lack of specificity for hand-eye coordination in the CAM procedures that were used.
There were several limitations in the present study. The number of participants per treatment group was relatively small, and they had a variety of nonoverlapping white matter lesions, making the comparisons between groups less sensitive to small changes. Thus, the marginal changes in the present study (ie, corticospinal tract and temporal lobe) should be reassessed in a follow-up study with a larger sample size. Additionally, white matter changes in the TBSS skeleton in each hemisphere might be found to be more symmetric in a larger patient sample. Moreover, the detection of changes is biased toward areas that are devoid of crossing fibers, such as the corpus callosum and the corticospinal tract, 56 because diffusion tensor imaging has good resolution in such areas, while training-associated changes in other areas where diffusion tensor imaging has poor resolution may have been obscured.
Conclusion
Notwithstanding these limitations, the present experiment shows that there are positive changes in regional white matter indices and overall improvement in white matter integrity following CIMT in patients with MS that correspond to the large improvement in real-world use of a more-affected upper extremity in chronic stroke patients that has been previously observed (see Part 1) .
